Molecular recognition plays a central role in many biological processes. For enzymatic reactions and slow protein-protein recognition events, turn-over rates and on-rates in the millisecond-to-second time scale have been connected to internal protein dynamics detected with atomic resolution by NMR spectroscopy, and in particular conformational sampling could be established as a mechanism for enzyme-substrate and protein-protein recognition. [1] [2] [3] [4] [5] Recent theoretical studies indicate that faster rates of conformational interconversion in the microsecond time scale might limit on-rates for protein-protein recognition. [6, 7] However experimental proofs were lacking so far, mainly because such rates could not be determined accurately enough and kinetic experiments in the microsecond time range are difficult to perform.
Molecular recognition plays a central role in many biological processes. For enzymatic reactions and slow protein-protein recognition events, turn-over rates and on-rates in the millisecond-to-second time scale have been connected to internal protein dynamics detected with atomic resolution by NMR spectroscopy, and in particular conformational sampling could be established as a mechanism for enzyme-substrate and protein-protein recognition. [1] [2] [3] [4] [5] Recent theoretical studies indicate that faster rates of conformational interconversion in the microsecond time scale might limit on-rates for protein-protein recognition. [6, 7] However experimental proofs were lacking so far, mainly because such rates could not be determined accurately enough and kinetic experiments in the microsecond time range are difficult to perform.
Nevertheless, for proteins and TAR-RNA, [8] [9] [10] recent studies based on residual dipolar couplings (RDCs) and other NMR spectroscopy techniques [11, 12] have detected substantial internal dynamics in a time window from the rotational correlation time t c (one-digit nanoseconds) to approximately 50 ms, [8, [13] [14] [15] called the supra-t c window in the following. However, the exact rates of internal dynamics within this four orders of magnitude wide time window could not be determined.
Supra-t c dynamics in ubiquitin [9] and TAR-RNA [16] could be connected to the conformational sampling required for molecular recognition. While the amplitudes of motions have been indirectly detected by RDCs and characterized in great detail, it has so far been impossible to directly observe these motions and to determine the exact rate of these supra-t c motions. In contrast, conformational sampling in enzymes occurs on a time scale that is 100 to 1000 times slower than supra-t c dynamics and therefore NMR relaxation dispersion (RD) techniques have been able to establish the functional link to enzyme kinetics with atomic resolution at physiological conditions. [1, 2, 5] However, for technical reasons, RD is not sensitive to motion faster than approximately 50 ms (RD window) and therefore does not access motion in the supra-t c window at room temperature.
Here we determine the rate of interconversion between conformers of free ubiquitin by a combination of NMR RD experiments in super-cooled solution and dielectric relaxation spectroscopy (DR). Furthermore, we corroborate the motional amplitudes in the RDC-derived ensembles quantitatively with the observed amplitudes of RD and DR. The methods utilized herein can be used to directly study protein dynamics in a time range that was previously inaccessible.
Significant motional amplitude in the supra-t c window has been observed using RDC measurements, and was connected to the conformational sampling for a protein in the ground state. [9] It was also shown that this conformational sampling is required for molecular recognition. [9] In principle, the motional amplitude in the supra-t c window should be detectable by RD measurements to give kinetic information. However, until now at room temperature, RD for ubiquitin was not observed except for amide nitrogens close to Glu24 that experience hydrogen bond dynamics on a millisecond time scale (see the Supporting Information). [17] Motional processes in the supra-t c window faster than 50 ms would therefore not be detected at room temperature because of limitations in the maximal radio frequency field that can be applied in the RD experiment. [18] To overcome this limitation, we hypothesized that supra-t c motion may shift into the RD sensitive time window by lowering the temperature because motions slow down at lower temperature. [17, 19, 20] If we can detect the motions at several low temperatures, the extrapolation of conformational exchange time constants to room temperature should be possible by temperature-dependent measurements of the RD. Therefore, we measured RD data of ubiquitin in super-cooled water [20, 21] at temperatures between 265 and 277 K using an off-resonance R 11 sequence with TROSY read-out. [22] We observed considerable RD for Ile13 and Val70 (Figure 1 A,D) , which play an important role in the molecular recognition of ubiquitin. For Ile13 and Val70 at 265 K, conformational exchange time constants of (122 AE 40) ms and (90 AE 30) ms, respectively, were measured (Table S1 in the Supporting Information). At 277 K, life times shortened to (61 AE 20) ms and (67 AE 10) ms, respectively (Table S1 in the Supporting Information). Extrapolation of these life times to room temperature with the Arrhenius-type equation yields (10 AE 9) ms at 309 K (Figure 1 E,F) . The propagated error is of the same size as the average value because only a small temperature range shows RD. The determined rates agree well with the 3 to 30 ms backbone motion of the protein BPTI at room temperature in a recent extended molecular dynamics study. [23] There are two further residues that show 15 N relaxation dispersions, namely Ile23 and Asn25 (Figure 1 B,C) . Their relaxation dispersion was already observed at 280 [17] and 260 K [20] and has been attributed to hydrogen-bond reordering, involving Thr55, with a population of an alternate conformation at approximately 2 %. This process is in the millisecond time window, [17] which is several orders of magnitude slower than the microsecond motion described in this work. A more detailed discussion about this and other slow motion processes in ubiquitin is deferred to the Supporting Information. Other residues did not show relaxation dispersion within the current technical limit (see Figure S8 in the Supporting Information).
Relaxation dispersion experiments provide information about the rates but also the chemical shift variances induced by conformational sampling. Conversely, conformational ensembles can be used to determine the expected variance of the chemical shifts (see the Supporting Information) induced by conformational interconversions as long as all conformers within an ensemble can interconvert between each other. [24, 25] To investigate the supra-t c time window (< 50 ms) three RDC-derived ensembles of ubiquitin in solution are available, namely the EROS, [9] enhanced EROS, called henceforth EROSII, and the ERNST ensembles [26] (Figure 2 A-I, see the Supporting Information for details on how the structural ensembles were determined). The two new ensembles agree equally well with the conformational selection scenario previously described for EROS. [9] They are all ground-state ensembles of ubiquitin that do not contain excited states. So far relaxation dispersion has not been used to characterize the kinetics of interconversion for the ground state of a protein. The above-mentioned ensembles of ubiquitin are in the ground state and they do not contain information about the interconversion rates between the different equally populated members in the ensembles. Therefore, to estimate relaxation dispersion we simply Figure 1 . Temperature-dependent relaxation dispersion. R 11 dispersion curves measured at À8 8C for residues Ile13 (A), Ile23 (B), Asn25 (C), and Val70 (D) plotted as a function of the rotating frame effective field. Solid and dashed lines represent the nonlinear fit to the data and the exchange contribution extracted from the fit, respectively. Arrhenius-type fit to the temperature-dependent RD exchange rates (see Table S1 in the Supporting Information) for Ile13 (E) and Val70 (F). Activation energies of (37 AE 7) kJ mol À1 and (32 AE 8) kJ mol À1 were extracted for Ile13 and Val70, respectively. assume that all conformations in the ensemble interconvert with the same rate. This defines the maximum amount of relaxation dispersion that is compatible with the ensemble. If we assumed instead that certain conformations interconvert faster and others still slowly, this would not introduce additional residues expected to show experimental RD but rather reduce the number of residues predicted to show relaxation dispersion. All three RDC-based ensembles do not necessarily represent canonical ensembles, which however, is not required for the conclusions drawn in this work (see the Supporting Information).
Three programs were used to calculate chemical shifts from conformations: SHIFTS, SPARTA, and SHIFTX. [27] [28] [29] Residues, for which the chemical shift variances (F ensemble ) were greater than the standard deviation from the average, were considered to be consistent. Only two residues, Ile13 and Val70, were above the cut-off in all independent calculations (Figure 2 A-I ). Even at two standard deviations from the average, only these two residues, Ile13 and Val70, fulfill this criterion, except only for one occasion for Ile13 when the EROS ensemble was calculated with the SHIFTS program (Figure 2 B) . Even there, Ile13 and Val70 are among the three residues with the largest chemical shift variation. The observation of the uniquely large chemical shift variation of Ile13 and Val70 did not change even if we randomly omitted half of the conformations in each of the ensembles. [17] Despite the fact that Ile13 and Val70 show the largest chemical shift variance, there are eight backbone amides with higher mobility on the supra-t c time scale (Figure 2 J, lower ratio of the RDC-derived order parameter [30] divided by the Lipari-Szabo order parameter: [31] This highlights a connection between the microsecond interconversion time constant detected by RD and the impact of supra-t c dynamics reflected through the structural variance between ubiquitin conformers in the ensembles. Thus, the RDC-derived ensembles that describe the amplitudes of conformational sampling correctly predict the NMR RD results in super-cooled solution at temperatures between 265 and 277 K.
To independently test the extrapolation of RD determined rates to room temperature and beyond we directly measured the rate of interconversion in the conformational ensemble at 309 K with dielectric relaxation (DR) spectroscopy in solution. This method can detect the frequencies of fluctuations of the bulk electric dipole moment of the solvent, solute (in our case ubiquitin), or of charge carriers, such as ions in a sample. As shown in Figure 3 , for 309 K, rotational diffusion of the static electrical dipole of ubiquitin gives rise to the well-known b peak at 3t
ns which is in agreement with previous measurements [32] (see the Supporting Information). In addition, a slower relaxation process within the supra-t c window with a relaxation t sub-b centered around 1 ms (log 10 n sub-b % 5 to 5.5) was observed (Figure 3 ), which we name the sub-b peak. To our knowledge, sub-b peaks in DR spectroscopy had previously not been observed in solution.
We explain the occurrence of this sub-b peak with the fluctuation of the direct current (DC) induced by the interconversion between the different conformations of ubiquitin. According to this model, various conformations exhibit slightly different affinities to ions in aqueous solution, thus influencing the mobility of the ions that cause the DC in the DR spectrum (see the Supporting Information). In support of this model we reproduce the relative amplitude of the sub-b peak (experimentally 1 %, theoretically for two extreme conformations 6 %) compared to the DC conductivity by computing with Poisson-Boltzmann continuum electrostatics calculations the variation of mobile ions around different members of the EROS ensemble [9] (see the Supporting Information). In addition, the amplitude of this sub-b peak was unchanged with the size of the electric field and it occurred independent of the concentration and the choice of the different ions (see the Supporting Information). At 309 K the motional process centered around 1 ms from DR agrees well with the RD extrapolated rates of 1 to 19 ms. From this evidence, we conclude that DR probes at room temperature the same motional process as RD at low temperature, namely the amplitude and kinetics of the conformational interconversion of ubiquitin.
Until now, relaxation dispersion has not been used to characterize the kinetics of interconversion for the ground state of a protein. However, through the use of super-cooled RD, the conformational sampling rate for free ubiquitin has been directly measured at low temperature. Motional amplitudes from the RDC-derived ensembles, which embody supra-t c dynamics, correctly predict the residues observed in the RD experiments (Ile13 and Val70) whereas classical excited states are not picked up by the RDC-derived ensembles because of the low population of the excited states (Ile23 and Asn25). In addition, DR independently identified the RD measured lifetime without extrapolation www.angewandte.org providing two independent techniques that observed the same supra-t c motional process.
In summary, we have measured the rate of conformational interconversion for free ubiquitin with two methods. The results from both methods indicate that the major part of the supra-t c motion in the ground state of ubiquitin occurs on a timescale of (10 AE 9) ms at 309 K, thus narrowing down the window from four orders of magnitude to one. In addition, we could predict chemical shift (relaxation dispersion) and ion flux (dielectric relaxation) variances from a ground-state ensemble which has not been done before. The combination of RDCs, NMR relaxation dispersion at low temperatures, and DR spectroscopy should be applicable for a wide range of systems and enable the functional investigation of protein dynamics in a previously hidden time window between nanoseconds and 50 ms.
